Background-Little attention has been paid to the architecture of the muscle fibres of the ventricular walls in congenitally malformed hearts. In this study the gross pattern of myocardial fibres in normal hearts was compared with that in cases of tetralogy of Fallot. Methods and results-After morphological examination nine specimens with tetralogy were dissected to study the ventricular myoarchitecture. Changes were found in the shape of the malformed ventricles. The ventricular walls were arranged in layers in all hearts. Superficial and deep layers were present in both ventricles, with the superficial layer showing a more oblique orientation in the specimens with tetralogy than in normal hearts. Modifications of muscle fibre that were related to the type of malformation were seen in the deep layer. A middle layer was present in the left ventricles of normal hearts and specimens with tetralogy: this showed a horizontal orientation in both groups. In contrast, a middle layer was found in the right ventricle only in specimens showing tetralogy. Conclusions-The malformed hearts showed modifications in ventricular shape, in the arrangement of muscle in the right ventricle, and in the overall myoarchitecture. These changes could well be the consequence of the same agent (or agents) that caused the structural defect. (Heart 1996;76:280-286) ventricle,2 whereas others describe a single system encompassing both ventricles.8 Some have proposed the fibrous trigones as points of anchorage of the muscle fibres,45 while others have proposed the aortic and pulmonary roots as the only areas of insertion.8 Yet another view is that the myocardial fibres branch from one another, as if they were inserted in adjacent muscle fibres, rather than taking their origin or insertion from the fibrous skeleton.9 Despite these discrepancies, these studies have shown that the myocardium represents a complex three-dimensional network of cells, with each layer having a preferred orientation. It seems reasonable to propose that changes in heart shape, and in the force generated during systole, depend on the relative orientation of, and interaction between, these bundles of fibres. Studies of the muscular architecture, for the most part, have been confined to normal hearts, with few studies comparing dissections of normal and congenitally malformed hearts.'3 To extend this field of study we compared the ventricular myoarchitecture of the normal heart with that in one congenital malformation, namely tetralogy of Fallot.
That the heart is a muscular organ with a complex architectural arrangement of its ventricular fibres was known to Harvey' over 300 years ago. Many workers since then have investigated this architecture in the normal heart, mostly basing their findings on gross dissection.2-8 Others have combined dissection and histology.9 10 More recently, sophisticated methods have been used based on threedimensional reconstruction from serial sec- tions." 12 Comparison of these various studies has revealed several controversies. Some argue that there are discrete systems of fibres in each ventricle,2 whereas others describe a single system encompassing both ventricles.8 Some have proposed the fibrous trigones as points of anchorage of the muscle fibres,45 while others have proposed the aortic and pulmonary roots as the only areas of insertion.8 Yet another view is that the myocardial fibres branch from one another, as if they were inserted in adjacent muscle fibres, rather than taking their origin or insertion from the fibrous skeleton.9 Despite these discrepancies, these studies have shown that the myocardium represents a complex three-dimensional network of cells, with each layer having a preferred orientation. It seems reasonable to propose that changes in heart shape, and in the force generated during systole, depend on the relative orientation of, and interaction between, these bundles of fibres. Studies of the muscular architecture, for the most part, have been confined to normal hearts, with few studies comparing dissections of normal and congenitally malformed hearts. '3 To extend this field of study we compared the ventricular myoarchitecture of the normal heart with that in one congenital malformation, namely tetralogy of Fallot.
Methods
Nine specimens from cases of tetralogy of Fallot and four normal hearts were studied. The specimens with tetralogy of Fallot were selected from the cardiopathological collection of the National Heart and Lung Institute, Royal Brompton Hospital, London. To be regarded as an example of tetralogy, a heart had to show four features: namely a ventricular septal defect, subpulmonary stenosis or atresia, biventricular origin of the leaflets of the aortic valve, and right ventricular hypertrophy. The patients with tetralogy of Fallot from whom the hearts were obtained ranged in age from eight hours to 59 years. The normal hearts came from subjects aged from seven to 61 years old who died of causes unrelated to cardiac pathology. The normal hearts were fixed by immersion in 10% formaldehyde for about two weeks before study. The hearts from the cardiopathological collection have been fixed in 10% formaldehyde for many years, but their initial preparations were similar. They were initially fixed intact by perfusion through the orifice of the inferior caval vein after ligation of other connecting vessels.
Our specimens formed three subgroups representing the range of morphologies in tetralogy of Fallot. One specimen showed rudimentary formation of the pulmonary valve (so-called absent pulmonary valve syndrome).
Valvar and subpulmonary infundibular stenosis was found in six specimens. Pulmonary atresia was present in the remaining two.
The protocol used for dissection was similar to that followed in earlier studies,'4 but in some cases the atria were not detached along the line of the atrioventricular grooves. The hearts were dissected with watchmakers' tweezers and scissors, taking care not to disrupt superficial and deep myocardial fibres when the epicardium or endocardium was removed. Special care was taken to study the anatomy of the fibrous skeleton, along with the interrelations between myocardial fibres and the leaflets of the arterial atrioventricular valves. In studying architecture of the myocardium, we used the term "muscle fibre" to describe a bundle of myocytes visible by gross inspection. Thus fibres aligned in the same orientation were exposed by step-by-step peeling from the subepicardium to the subendocardium. Each step was documented by serial photography. The myocardial layers were described as superficial, deep, and middle; with each layer being distinguished on the basis of a change in orientation of muscular fibres from the adjacent layer.
Results

EXTERNAL MORPHOLOGICAL FEATURES
In normal hearts the aortic orifice occupies a key position between the atrioventricular orifices and that of the pulmonary valve. The right edge of the ventricular mass is sharp (acute) when seen from the apex, in contrast to the left margin which is much more rounded (obtuse margin) ( fig 1A) . Vortices are seen on the tips of both ventricles, although the left vortex is always sharper and forms the apex of the heart itself ( fig 1A) . sent between the layers. Obvious differences were noted, however, in the arrangement and orientation of the layers in the ventricular walls, both between right and left ventricles and between the normal and malformed hearts.
Superficial layer
The architecture of the superficial layer showed features common for both normal hearts and those with tetralogy. This layer was traced from the base of the heart toward the apex, extending from one ventricle to the other (fig 2) . At the level of the apex the superficial layer invaginated in a spiral pattern to form a deep or subendocardial layer for each ventricle. The invagination at the left vortex formed anterior and posterior horns. The anterior horn was derived from muscle fibres arising from the posterior region of the base of the heart, whereas the posterior horn was formed by fibres arising from the anterior region of the base (fig 1) . The fibres on the sternocostal aspect ran obliquely from right to left, crossing the anterior interventricular groove (fig 2A, C , and E), while on the diaphragmatic aspect they ran left to right and crossed the posterior interventricular groove (fig 2B, D, and F) . In normal hearts, the fibres in the superficial layer ran more horizontally in the right than in the left ventricle (figs 2A and B).
Markedly different features were seen in hearts with tetralogy. At the base, the specimen with rudimentary formation of the leaflets of the pulmonary valve showed a more oblique orientation of the fibres distally on the dilated subpulmonary outflow. In contrast, in the specimens with pulmonary atresia, the fibres showed an almost circular arrangement around the aorta. An intermediate configuration was found in the cases with pulmonary valvar and infundibular stenosis.
The specimen with rudimentary leaflets of the pulmonary valve and those with pulmonary valve stenosis showed a marked separation between the ventricular vortices at the apex, with major development of the right vortex, composed of muscle fibres arising directly from the posterior region of the base (figs 1B and C). In contrast, in pulmonary atresia, the fibres formed a spiral pattern only around the left ventricular vortex, with an increase in the fibres of the anterior horn ( fig  1D) .
The sternocostal right ventricular fibres were more obliquely orientated than for the normal heart, particularly in the hearts with pulmonary atresia (fig 2E) . At the diaphragmatic aspect, the left ventricular fibres ran in a more oblique orientation, again markedly so in pulmonary atresia, where they acquired an almost longitudinal orientation (fig 2D and F) . In all the hearts, the fibres were irregularly orientated in the upper third of the diaphragmatic surface of the right ventricle, next to the right margin, with longitudinal fibres intermingling with transverse ones (fig 2F) .
Deep layer
In the normal hearts the deep or subendocardial layer comprised preferentially arranged longitudinal fibres which passed through the vortices and coursed in three different directions, toward the papillary muscles, to the atrioventricular and arterial orifices, and to the membranous interventricular septum.
Multiple differences were seen in the hearts with tetralogy. In the case with absent or rudimentary pulmonary leaflets or those with pulmonary valvar stenosis, the fibres from the right vortex ran upward longitudinally to follow the septomarginal trabeculation and the ventriculo-infundibular fold to the tricuspid annulus ( fig 3A) . In all cases, as the fibres approached the site of the ventricular septal defect, they divided. Some fibres bordered the defect anteriorly, following the outlet septum, while others extended posteriorly, following the junction of the ventriculo-infundibular fold with the septomarginal trabeculation ( fig  3B-D) . The fibres above the outlet septum ran upwards, reaching the pulmonary valve to form part of the subpulmonary infundibulum ( fig 3B and C) . The fibres surrounding the ventricular septal defect were closely related to the leaflets of the aortic valve. In those with pulmonary infundibular stenosis, the septoparietal trabeculations were formed by a thick bundle of fibres arranged longitudinally, which reached the pulmonary valve superiorly to narrow the subpulmonary outflow tract.
In the cases with pulmonary atresia the outlet septum was either rudimentary or absent, with the aorta being the only arterial outlet. The subendocardial fibres ascended longitudinally in the right ventricle ( fig 3D) . Toward the rim of the ventricular septal defect some fibres extended anteriorly and ran towards the attachment of the right and left leaflets of the aortic valve. Others ran towards the non-coronary leaflet of the aorta (fig 3D and E) . A third, smaller, group of fibres crossed the rim of the defect and interwove with subendocardial fibres of the left ventricle ( fig 3E) .
The arrangement of the subendocardial fibres in the left ventricle was very similar in all hearts, approximating to the arrangement seen in the right ventricle in cases with pulmonary atresia. Other fibres of the left ventricle were arranged longitudinally, with insertions into the papillary muscles and the mitral annulus ( fig 3F) .
Middle layer
In normal hearts a thick middle layer of myocardial fibres was found only in the left ventricle, where it formed an almost circular pattern, with no apparent insertion into the aortic-mitral annulus. No proper middle layer was found in normal right ventricles, with no changes seen in the orientation of the fibres in the mid-portion of the ventricular wall ( fig 4A  and B) .
Several changes were seen in the hearts with tetralogy. In all cases, the fibres of the left ventricle showed a marked circular arrangement (figs 4C and D). Most significantly, again in all types, the right ventricle possessed a welldefined middle layer composed of circular fibres. The layer was discontinuous only at the level of the ventricular septal defect, where the fibres of the subendocardial layer of the right ventricle could be seen (fig 4C and D) .
Discussion
Our findings demonstrate a normal pattern of ventricular myoarchitecture characterised, in the left ventricle, by three concentric layers (superficial or subepicardial, middle, and deep or subendocardial). Only superficial and deep layers, in contrast, are found in the normal right ventricle. These findings are in keeping with several earlier descriptions,569 10 but are in marked contrast to the hypothesis which proposes a single system of spiralling fibres extending across the ventricles from the aortic to the pulmonary root.8
Marked departures from this normal arrangement were found in all hearts studied with the anatomical features of the various morphologic subsets of tetralogy of Fallot. Despite some continuing disagreements regarding the interpretation and nomenclature of muscle bands surrounding the ventricular septal defect,'5-17 and disagreements about the extent of subpulmonary infundibular stenoSiS,16 18 it is generally agreed that the morphological hallmarks that unify tetralogy are a ventricular septal defect, subpulmonary infundibular stenosis, biventricular connection of the leaflets of the aortic valve, and hypertrophy of the right ventricle. The classic anatomical feature that is diagnostic in most hearts with tetralogy of Fallot is antero-cephalad deviation of the outlet septum,16 such that this septum takes up an exclusively right ventricular position. Despite their obvious similarities, nonetheless, no two cases of tetralogy are exactly alike,19 a feature of major surgical sig-nificance. These disparities were further confirmed by our dissections of the myocardial architecture. Despite the individual differences, we could divide our material into one specimen with absence of the leaflets of the pulmonary valve, and others with either pulmonary stenosis or with pulmonary atresia. In the first two subsets, the anatomical hallmark, the antero-cephalad deviation of the outlet septum, is readily apparent irrespective of the length of the subpulmonary infundibulum. The outlet septum was deviated in a similar fashion in one of the hearts with pulmonary atresia, but was absent in the other. It is arguable whether hearts with pulmonary atresia should be included in the overall category of tetralogy. Indeed, our specimen with absence of the outlet septum exhibits overriding of the aorta, pulmonary atresia at the ventriculo-arterial junction, and a doubly committed and juxta-arterial ventricular septal defect. But despite having pulmonary atresia, rather than stenosis, these two hearts are still more closely related to tetralogy than to other subsets of hearts with different segmental combinations which are also described as pulmonary atresia with ventricular septal defect. 20 Taken together, these morphological types differ from the normal heart and among themselves not only in terms of ventricular shape, but also with regard to the architecture of the ventricular muscle fibres. In general, the ventricular shape was dominated by the state of the right muscular outlet. In the presence of rudimentary formation of the leaflets of the pulmonary valve, the outlet tract was dilated, with more obtuse angles of the margins than in the normal ventricles. In contrast, the cases with pulmonary stenosis show obvious hypertrophy of the right ventricle, but with various lengths of outlet tracts, albeit usually larger than normal. The ventricular shape is more angular than in the heart with rudimentary leaflets of the pulmonary valve. In our particular hearts with pulmonary atresia, the subpulmonary outlet tract of the right ventricle was markedly reduced in one, and lacking in the other. The margins of the ventricles showed the most obtuse angles. In all forms of tetralogy of Fallot, therefore there is an altered ventricular configuration.
It has been suggested that the shape of the heart reflects an adaptation to the needs of both systole and diastole, and that those changes in ventricular shape may in themselves produce cardiac dysfunction.2' In this respect, therefore, it may well be significant that the basic architecture of the myocardium in tetralogy is also very different from that in the normal heart. The most significant finding is a circular middle layer in the right ventricle.
Previous studies in normal hearts have demonstrated the existence of such a middle layer in the left, but not in the right ventricle.5-7 10 In the hearts with tetralogy, the overall architecture is markedly influenced by the presence of right ventricular hypertrophy. Earlier studies have already reported that, when the right ventricle is hypertrophied13 21 22 it exhibits an increase of fibres at the level of the ventricular septum and right ventricular outlet, and as a consequence the architecture of the ventricular septum shows a convexity towards the left. Haemodynamic, histological, and morphometric studies have previously revealed hypertrophic changes in both ventricles in tetralogy.2'25 It could be that the right ventricular middle layer is acquired postnatally as an adaptive change to the ventricular load, but the finding of a middle layer in the specimen from our youngest patient, a neonate, and also in the oldest patient, who was 59, suggests that the myocardial architecture is a further characteristic of the abnormal cardiac development.
Clinical studies have shown persistent depressed function of the right ventricle in some cases, even subsequent to surgical repair.2$28 In these, increased myocardial fibrosis has been proposed as an important factor in restricting myocardial compliance.2629 The abnormal myoarchitecture must be considered a potential additional factor. It has been demonstrated that rearrangement in orientation of muscle fibres, and changes in interstitial connective tissue matrix, can influence both the electrical and mechanical function of the heart.30 31 Our previous studies32 showed that a middle layer was lacking from the right ventricle of normal hearts in human specimens ranging in age from fetuses of 13 weeks' gestation to adults aged 90. We need now, therefore, to explore the clinical significance of these anatomical findings. Our bias is that in tetralogy the abnormal ventricular architecture already present at birth represents an adaptative change in formation of the myocardial fibres, but we do not yet know at which developmental stage the middle layer is formed.
LIMITATIONS OF THE STUDY
Good necropsy examples of Fallot's tetralogy, especially those from subjects who have not had previous surgical interventions, are becoming increasingly scarce. For this study, we selected specimens from our collection that were basically intact; this will further limit the numbers that will be available for study in the future. For this reason, we have included hearts which, at first glance, are grossly different in their morphology but, nonetheless, satisfy the accepted criteria for description as tetralogy of Fallot. We did not study many hearts, none the less, all show the same basic differences in from normal myoarchitecture. We cannot increase the numbers because such an approach would mean destroying all our specimens with tetralogy, leaving a wide gap in the teaching value of our collection. Rather, we hope our findings will generate interest in this method of investigation among other morphologists, especially in centres that have collections of necropsied hearts that were established before the early days of cardiac surgery.
It is also pertinent that we did not attempt to quantify the changes in orientation of the fibres. Our technique is based on gross dissection, which eventually leaves little of the specimen. For meaningful assessment of the angular changes, histological sections through the full thickness of the ventricular walls are preferable,9 and this also is a fruitfill area for future study.
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